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Functional profile of the isolated uremic nephron: Intrinsic adaptation
of phosphate transport in the rabbit proximal tubule. The maintenance of
phosphate homeostasis in uremia appears to be governed both by
parathyroid hormone (PTH) and by PTH-independent adaptations in
renal tubular fonction. The relative contributions of these two mecha-
nisms that control phosphate excretion by the diseased kidney have
been difficult to define in intact animals. The present study was
designed to examine the nature of the adaptation of phosphate handling
by the proximal tubule of subtotally nephrectomized. uremic rabbits in
vitro. Euparathyroid and hyperparathyroid uremic rabbits were stud-
ied. Tubular sensitivity to PTH was examined in vitro. The dose-
response relationship between bath PTH concentration and inhibition
of lumen-to-bath phosphate flux (J5-lb) in isolated perfused proximal
straight tubules (PSTs) revealed that PTH sensitivity was increased in
the euparathyroid uremic rabbits and was decreased in hyperparathy-
raid uremic rabbits. The dose-response to dibutyryl cAMP was the
same as normal in both uremic groups. These data strongly suggest the
existence of a rcceptor-mediated adaptation in the effects of PTH on the
uremic proximal tubule. In addition to an altered PTH-sensitivity the
uremic PST also exhibited an alteration in the basal rate of phosphate
transport studied in the presence of normal rabbit serum. Although net
volume flux across the PST increased in both uremic groups as a
possible consequence of hypertrophy, net phosphate flux per unit
length was unchanged. Considering the increase of luminal area in these
tubules, net phosphate flux pcr unit reabsarptive surface area was
actually decreased. This dissociation is supportive of the existence of
an intrinsic tubular adaptation which is independent of the size of the
tubule per se. These studies indicate that there is an intrinsic adaptation
of the basal rate of phosphate transport by the uremic rabbit proximal
tubule and that the sensitivity of the tubule to PTH is altered. The data
are strongly suggestive of an increase in the number of PTH receptors in
the proximal tuhule of the euparathyroid uremic rabbit and suggest that
"down regulation" or persistent occupancy of these receptors occurs
when hyperparathyroidism supcrvcnes.
Profil fonctionnel du nephron urémique isolC: Adaptation intrinséque
du transport de phosphates dans Ic tubule proximal de lapin. La
conservation dc lhomCostasie des phosphates dans l'uremie semble
Ctre gouvernée par l'hormone parathyroidienne (PTH) et par unc
adaptation indépendante de Ia PTH dc La fonction tubulaire rCnale. La
contribution relative de ces deux mCcanismes de contrôle de l'exeretion
de phosphates par Ic rein malade est difficile a deflnir chez des animaux
intaets. Cette etude a etC eonçue pour examiner Ia nature dc l'adapta-
tion de La reabsorption de phosphates par Ic tubule proximal in vitro de
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lapins urCmiques aprCs nCphrectomie sub-totale. Des lapins urCmiques
euparathyroidiens et hyperparathyroidiens ant etC étudiés. La sensibi-
lité tubulaire a Ia PTH a etC examinée in vitro. La courbe dose-rCponse
entre Ia concentration de PTH du ham et l'inhibition du flux de
phosphates de la lumiCre vers Ic ham (Jr-lb) dans des tubules proxi-
males droites (PSTs) isolCs perfusCs a rCvClC que Ia sensibilitC a Ia PTH
Ctait augmentCe ehez les lapins urCmiques euparathyroidiens et Ctait
diminuCe chez les lapins urémiques hyperparathyroidiens. La courbe
dose-rCponse au dibutyryl cAMP Ctait Ia mCme dans les deux groupes
urémiques. Ces donnCes suggérent fortement l'existence d'une adapta-
tion médiCe par des rCcepteurs des effets de Ia PTH dans Ic tubule
proximal urCmique. En plus d'une alteration de Ia sensibilitC a Ia PTH,
le PST urCmique avait Cgalement une alteration de Ia vitesse basale de
transport de phosphates etudiCe en presence de serum de lapin normal.
Bien que Ic flux volumique net a travers Ic PST se soit eleve chez les
deux groupes urCmiques, représentant une consequence possible de
l'hypertrophie, le flux de phosphates net par unite de longueur Ctait
inchangC. En prenant en compte I'augmentation de Ia surface luminale
de ces tubules, Ic flux net de phosphate par unite de surface de
reabsorption était en fait diminuC. Cette dissociation est en faveur de
l'existenee d'une adaptation tubulaire intrinséque indCpendante de La
taille du tubule. Ces etudes indiquent qu'iL y a une adaptation intrinsC-
que de Ia vitesse de base du transport de phosphates par Ic tubule
proximal du lapin uremique et que La sensihilitC du tubule a Ia PTH est
altCrCe. Ces donnees suggèrent fortement une augmentation du nombre
de rCeepteurs de Ia PTH dans Ic tubule proximal du lapin urdmique
euparathyroidien et suggCrent qu'une 'regulation hasse" ou une occu-
pation persistante de ees rCeepteurs se produit lorsque l'hyperparathyr-
oldisme s'installe.
The mechanisms whereby a human or an experimental animal
with chronic renal disease maintains phosphate balance remains
controversial. There are studies which suggest that the single
most important determinant of the progressive rise in the
excretion of phosphate per nephron accompanying the decline
in renal function is parathyroid hormone (PTH) [1—4]. On the
other hand, there are convincing studies which demonstrate
that phosphate homeostasis can be maintained independently of
PTH [5—91. A limitation of many previous studies has been the
inability to control the numerous factors which ultimately
determine renal handling of phosphate in an in viva setting [10].
This study was designed to examine the proximal tubule of
the remnant kidney of the rabbit in vitro. We set out to examine
whether or not the uremie state and the requirement to maintain
phosphate balance affect the intrinsic function of the proximal
tubule. It was anticipated that, if intrinsic adaptations of cellular
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function do occur, the "memory" of this altered function would
be expressed in vitro independently of the uremic milieu and the
ambient PTH concentration. We also attempted to ascertain
whether or not the altered intrinsic function of the tubule is
accompanied by an altered sensitivity to PTH in vitro since
differences in end-organ sensitivity could explain differences in
renal handling of phosphate independently of circulating PTH
levels. Finally, we attempted to determine whether adaptations
in phosphate transport by the proximal tubule of the remnant
kidney could be explained by alterations in PTH-sensitive
adenylate cyclase and/or binding of PTH by renal receptors.
Methods
Experimental animals
Three groups of male, white New Zealand rabbits weighing 2
to 3 kg were studied:
Normal rabbits. These were maintained on an ad lib diet of
standard rabbit chow, containing 0.57% inorganic phosphorus
and 1.39% calcium, and tap water.
Uremic-euparathyroid rabbits—controlled phosphorus in-
take. Renal function was reduced in these animals by seven-
eighths nephrectomy [I II. Because pilot studies indicated that
uremic rabbits on an ad lib diet excreted significantly less
phosphorus than normal rabbits on an ad lib diet, a group of
uremic rabbits was studied in which the phosphorus intake was
adjusted to achieve a daily excretion rate of approximately 8 to
9 mg which is comparable to that observed in normal rabbits.
This was achieved by varying the phosphorus content of the
drinking water (NaH2PO4, 0.05 to 0.2%) from rabbit to rabbit on
an individual basis. These animals were found to be euparathy-
roid (see below). The appropriate phosphorus intake was con-
tinued for 7 to 14 days prior to the study.
Uremic hyperparathyroid rabbits. These animals underwent
seven-eighths nephrectomy and were maintained on the diet
described above except that a greater amount of NaH2PO4 was
added to the drinking water (0.4%) for 14 to 21 days prior to the
study.
Both groups of uremic rabbits were studied 21 to 30 days after
the subtotal nephrectomy.
Evaluation of parathyroid status in vivo
Because the rabbit is the only species in which extensive
physiological studies have been performed on isolated renal
tubules and in which it is possible to obtain information on in
vitro nephron function in uremia [11—131, we chose to study this
species. To our knowledge, a radioimmunoassay for PTH has
not been developed for the rabbit. One of our group recently
described an assay for the measurement of biologically active
human PTH [141. We attempted to apply the assay to rabbit
serum but found that normal rabbit serum has an inhibitory
effect on basal adenylate cyclase of the canine renal cortical
membrane preparation used for this assay. The presence of
such an inhibitor(s) makes the interpretation of data on hor-
mone-stimulated enzyme activity extremely difficult.
We consequently developed a bioassay procedure which
examines the inhibitory effect of rabbit serum on lumen-to-bath
phosphate flux in isolated perfused normal rabbit proximal
tubules.
Blood was obtained from six rabbits in each of the three
experimental groups. The serum was separated rapidly at room
temperature and stored at —5°C. The effect of the serum on
lumen-to-bath flux of phosphate across the normal rabbit super-
ficial proximal straight tubule perfused in vitro was studied
according to the method described below. In each experiment
the peritubular surface of the tubule was exposed (in random
order) to a serum sample from a uremic animal and to normal
rabbit serum, that is, sera from uremic rabbits on a controlled
and a high phosphate diet were compared with normal rabbit
serum in a paired fashion. Hence "euparathyroid"is defined as
a state in which the effect of uremic serum on tubular phosphate
reabsorption is not significantly different from that of normal
serum. "Hyperparathyroid" is defined as a state in which the
serum has an inhibitory effect on phosphate transport compared
with normal serum. In each experiment the sera were adjusted
to identical calcium and phosphorus concentrations, osmolali-
ties, and pH so that none of these variables affected the assay.
In vivo evaluation of the renal phosphate handling
Fifteen normal, six uremic euparathyroid, and 12 uremic-
hyperparathyroid rabbits were studied. The animals were
placed in metabolic balance cages for 4 days, and urine was
collected over four 24-hr periods. Blood was drawn from an ear
vein at the midpoint of each period. Serum and urine were
analyzed for calcium, phosphorus, and creatinine concentra-
tions. Creatinine clearance and absolute and fractional phos-
phate excretion rates were measured for each 24-hr period.
Results are expressed as the mean SEM of three 24-hr
measurements.
Measurement of phosphate and volume fluxes in isolated
perfused superficial proximal straight tubules
Studies were confined to the superficial proximal straight
tubule. The segment was defined as "superficial" if it merged
with a convoluted portion of a proximal tubule in the outermost
1 mm of the cortex. We have shown previously that the normal
relationship between superficial and juxtamedullary nephrons is
maintained in the cortex of the remnant kidney [111. Thus, the
segments studied were derived from the same anatomical region
of the proximal tubule in all three groups. Since the length of the
tubules varied from 1 to 2 mm, they would necessarily corre-
spond with the S2 segment as defined by Woodhall et al [15].
This segment was selected for study since, in the rabbit, it is the
nephron site upon which PTH exerts its phosphaturic effect [16,
171.
Proximal straight tubules (PSTs) were obtained from seven
normal rabbits, six uremic-euparathyroid rabbits with a con-
trolled phosphorus intake, and five uremic hyperparathyroid
rabbits. The PSTs were then perfused in vitro using convention-
al methods [11]. The perfusate was an artificial solution de-
signed to simulate end-proximal tubular fluid [Ill, that is, NaCI
130 mi'i, NaHCO3 5 mM, Na acetate 10 mrvi, Na2HPO4 3 mM,
KC1 5 mM, MgSO4 1.2 m, Ca acetate 1.8 mM, pH 6.7. In all
cases the bath was normal rabbit serum which was made
isoosmolal with the perfusate. pH was maintained by bubbling
with 95% 02-5% CO2. The bath was exchanged every 10 mm to
prevent changes in osmolality. Unidirectional phosphate fluxes,
from lumen to bath and bath to lumen were determined by
adding (32P)-monosodium phosphate (New England Nuclear
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Corporation, Boston, Massachusetts) 15 C/ml to either the
perfusate or bath. To minimize problems of contamination of
the collection with high concentrations of isotope, bath-to-
lumen flux was measured first in every tubule. Extensively
dialyzed 3H-methoxyinulin, (New England Nuclear Corpora-
tion), 15 p.C/mI, was added to the perfusate as an impermeant
volume marker. 32P and 3H concentrations in the bath, perfus-
ate and in samples of fluid collected from the tubules were
determined in a liquid scintillation counter (Beckman LS 7500,
Beckman Instruments Inc., Fullerton, California). Results are
expressed as the mean of four to five timed collections of
tubular fluid.
Net volume flux (J), unidirectional phosphate fluxes, from
lumen to bath (Jr-lb), bath to lumen (J-bl), and net phosphate
flux (Net Jr-net) were calculated as:
=
Vi - Vo
ViCi — VoCo PiJ-lb= L Ci
VoCo
J1,-bl = Xh L
Jr-net = (Jr-lb) — (J-bl).
Where Vi is the perfusion rate (nI/mm), Ci the 32P concentration
in the perfusate (cpm/nl); Vo the collection rate (nI/mm), Co the
32P concentration in the collected samples (cpm/nI) L, tubule
length (mm), Xh specific activity of 32P in the bath (cpm/pmole)
and Pi the phosphorus concentration in the perfusate
(pmoles/nl).
Determination of the PTH sensitivity of the proximal tubule
Tubular sensitivity to PTH was determined by measuring the
effect of bPTH (1-34) (Peninsula Laboratories, San Carlos,
California) on Jr-lb in a dose-response fashion. PTH was added
to the bath in logarithmic increments of concentration varying
from l0— U/mI to 10 U/mI (4 x 10 12 moles/liter to 4 x l0
moles/liter), and the inhibitory effect on Jr-lb was determined.
Ten minutes of equilibration was allowed before collections of
fluid were made at each bath concentration. Results are ex-
pressed as the mean of three timed collections of tubular fluid.
The effect of PTH on J-bl was also studied in four normal, six
uremic euparathyroid, and six uremic hyperparathyroid
tubules.
Determination of tubular sensitivity to an exogenous (AMP
analog
The effects of varying concentrations of dibutyryl cAMP
(l0M to 10M) was studied on six normal, four uremic
euparathyroid, and five uremic hyperparathyroid proximal tu-
bules. The cAMP analogue was added to the bath and its effects
on Jr-lb were examined. Results are expressed as the mean of
four to five timed collections.
Measurement of adenvlate cyclase activity in rabbit renal
cortical membranes
We have previously described the measurement of PTH-
sensitive adenylate cyclase activity both in a partially purified
preparation of rabbit renal cortical membranes and in microdis-
sected isolated rabbit proximal convoluted tubules [18]. In both
assays in this species there was considerable variability from
animal to animal with a significant dispersion in the results. In
an attempt to diminish this degree of variability we used the
method of preparing highly purified renal plasma membranes
described by Nissenson and Arnaud [19]. The same preparation
was used for measuring receptor binding of PTH (see below).
Adenylate cyclase activity was measured in renal cortical
plasma membranes derived from the kidneys of six normal, six
uremic euparathyroid, and six uremic hyperparathyroid ani-
mals. The entire width of the cortex was removed from the
normal or the remnant kidneys, dried on filter paper, and
washed in ice-cold buffered saline. All subsequent steps were
performed at 4°C. The cortical slices were cut into small pieces
with fine scissors and maintained in a buffer solution containing
0.25 M sucrose, 1 mrt EDTA, 10 mM Tris HCI, pH 7.5. The
tissue was first homogenized using a polytron homogenizer
(five 1 to 2 sec bursts) and then with a motor driven teflon pestle
(10 strokes). The homogenate was centrifuged at >< 1475g for 10
mm and the supernatant was decanted. The sediment was
resuspended in 2 M sucrose, 1 ms EDTA, 10 mrvi Tris HCI, pH
7.5. Mixing was achieved with a vortex and with three strokes
of a teflon homogenizer. The mixture was centrifuged at
x l3,300g for 10 mm and the pellet was discarded. The superna-
tant was diluted to isotonicity with 7 volumes of ice-cold 1 mrvi
EDTA, 10 mrvi Tris HCI, pH 7.5 and centrifuged for a further 15
mm at x30,000g. The resulting pellet contained two distinct
layers: a lower brown layer and an upper pink layer. The upper
layer containing plasma membranes was removed by swirling
an isotonic sucrose solution over the pellet with a pipette
(Pasteur). The suspension was transferred into a test tube and
vortexed three times.
The final membrane preparation was rapidly frozen on dry ice
and acetone and stored at —80°C in 200-p.l aliquots. The above
procedure resulted in an approximate tenfold enrichment of the
basolateral enzyme marker, ouabain-sensitive Na-K ATPase.
Adenylate cyclase assays were performed according to a
modification of the method of Salomon, Londos, and Rodbell
[20] as previously described by us 118]. Basal activity, NaF-
stimulated activity (1 mM) and PTH-stimulated activity were
determined using bPTH (1-34) concentrations which varied
from l0— moles/liter to l0 moles/liter. Incubation of 50 to 100
p.g of the membrane preparation was carried out in a final
volume of 50 pA of 25 mrvi Tris HCI, pH 7.6, 30mM KCI, 5 mM
MgCI2 1.4 mrvi EDTA, 1 mrvt cAMP, I mM(a 32P) ATP, 0.5
mg/mI bovine seruni albumin, and an ATP generating system
consisting of I p.g/mI creatine kinase and 20 mrvi phosphocrea-
tinine. bPTH (1-34), 10 p.l, dissolved in 10 m acetic acid, was
added to the final reaction mixture. Reactions were carried out
for 15 mm at 30°C and were terminated by adding 10 p.1 of a
stopping solution containing 10 mrvi cAMP, 40 mrvi ATP, 1%
sodium dodecyl sulfate and (3H)cAMP (for calculation of recov-
ery) and boiled for 3 mm.
The cAMP generated was chromatographed on Dowex AG-
50 WX8 (chloride form) and neutral alumina columns and finally
counted in 10 ml of liquid scintillation cocktail. Recovery of 3H
cAMP varied from 40 to 60%. Reactions carried out in the
absence of membrane served as blanks. Each assay was per-
formed in triplicate. Protein was determined by the method of
Lowry et al [211.
(1)
(2)
(3)
(4)
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PTH receptor binding by rabbit renal cortical membranes
Binding of PTH to renal cortical plasma membranes was
measured on the kidneys of two animals from each experimen-
tal group on which adenylate cyclase activity was measured
using methods previously described for chicken renal plasma
membranes [19]. Membranes were prepared as described in the
section on adenylate cyclase measurement (see above). Elec-
trolytically labelled 1251-bPTH (1-34), which is biologically
active, was prepared as described previously and subjected to
"receptor purification" on chicken renal plasma membranes
[19].
Binding assays were performed in a final volume of 0.1 ml
containing 25mM Tris-HC1, pH 7.5,2.0mM MgC12 0.1% bovine
serum albumin, approximately 10,000 cpm of receptor-purified
'25JbpTH (1-34). To establish optimal binding conditions highly
purified renal cortical plasma membranes were incubated for 30
and 60 mm at varying temperatures, pH, and membrane con-
centrations. Experiments were performed first on 21 g of
membrane protein from two rabbits in each experimental group
(experiment 1). The same membranes were then centrifuged at
x20,000g for 15 mm, and experiment no. 2 was repeated on 16
rg of protein per assay. Incubation was carried out at 22°C for
60 mm and was terminated by adding 2.0 ml of ice-cold washing
buffer containing 25 mM Tris-HC1, pH 7.5, 2.0 mM MgC12, 0.1%
bovine serum albumin, and 125 ifiM NaC1. Samples were
filtered immediately under vacuum through 0.2 .r cellulose
acetate filters (DE66 Schleichert and Schull) at 4°C. Each filter
was washed three times in 10 ml of ice-cold washing buffer.
Filters were then analyzed in a gamma counter for 1251 radioac-
tivity. Nonspecific binding in the presence of excess unlabeled
bPTH (1-34), 10 Lg/ml, was less than 0.7% of added labeled
hormone. Specific binding was calculated as the difference
between total and nonspecific binding. Results are expressed as
the mean of triplicate assays on each sample.
Displacement of bound label with varying concentrations of
unlabeled PTH for the purpose of Scatchard analysis was not
feasible, since specific binding by 15 to 20 tg of membrane
protein was low (see Results). At this level of binding, the total
membrane protein yielded by a single remnant kidney was
inadequate to generate an accurate displacement curve for
which a significantly greater amount of protein per assay would
have been required. The variability of the adenylate cyclase
assays from animal to animal indicated that pooling of tissue
from more than one animal was not appropriate.
Statistics
Data are expressed as means SEM. Statistical analysis was
performed with Student's t tests for paired and unpaired data.
Results
Parathyroid status of experimental groups. Lumen-to-bath
flux of phosphate (J-1b) was measured during the addition of
serum from the two uremic groups of rabbits to the peritubular
surface of normal PSTs. The Jr-lb was compared with that
which was obtained when normal rabbit serum was applied to
the same tubule. The results are depicted in Figure 1. It may be
seen that sera from uremic rabbits on a controlled phosphorus
diet did not exert an inhibitory effect on Jr-lb. This group is
referred to as uremic-euparathyroid. In contrast, sera from
uremic rabbits on a high phosphorus intake significantly inhibit-
ed Jr-lb (P < 0.05), and the group is referred to as uremic-
hyperparathyroid.
Renal handling of phosphorus in vivo. Table 1 depicts the
creatinine clearance, and the absolute and fractional phospho-
rus excretion rates for the three experimental groups. The mean
GFR which was almost identical in both uremic groups was
reduced by approximately 70%. Serum inorganic phosphorus
was normal in the uremic euparathyroid and increased in the
uremic hyperparathyroid group. Serum calcium was reduced
significantly in the uremic hyperparathyroid group.
Phosphate and volume fluxes in isolated perfused PSTs.
Unidirectional and net phosphate fluxes as well as net volume
fluxes in the three experimental groups are shown in Table 2. In
normal tubules the ratio of J-lb/J-bl was approximately 5:1. Jr,-
bi was increased in both uremic groups. In the uremic tubules,
Jr-lb and Jr-net were not significantly different from normal
when expressed per millimeter of tubule length.
In Figure 2 net volume reabsorption, J, and net phosphate
flux are compared. Whereas J increased significantly in both
uremic groups (P < 0.05), net phosphate flux was unchanged,
revealing a dissociation between these two fluxes.
PTH-sensitivity of the proximal straight tubule. PTH-sensi-
tivity of PSTs from the three experimental groups was deter-
- II I
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Fig. 1. Effects of sera obtained from normal and uremic rabbits on
lumen-to-bath phosphate flux (Jr-lb) of normal rabbit proximal straight
tubules. The peritubular-surface of each tubule was exposed to normal
serum and serum from an animal in each uremic group. The asterisk
denotes P < 0.05 vs. normal group (mean SEM).
*
mined from the dose-response relationship between bath con-
centration of PTH and lumen-to-bath phosphate flux in per-
fused PSTs. Data are expressed as the percent change in J0-lb
from control. This allows the results obtained from tubules with
different baseline flux rates to be compared. As demonstrated in
Figure 3, maximal inhibition of approximately 30% was ob-
served in all three groups. Differences in maximal inhibition
were not statistically significant between the three groups.
Significant differences in half-maximal inhibition were, how-
ever, observed. Since only logarithmic increments in bath PTH
concentration were used, "approximate" half-maximal inhibi-
tory concentrations are derived. In normal PSTs half-maximal
inhibition of Jr-lb occurred at a bath PTH concentration of 5 X
10 U/mI (2 x 10 Jo moles/liter). In the uremic-euparathyroid
tubules sensitivity was increased so that half-maximal inhibition
occurred at a bath PTH concentration one order of magnitude
ni/mm/mi,, lower (5 x 10 " U/mI or 2 x 10 '' moles/liter). In contrast the
half-maximal inhibitory concentration in urernic-hyperparathy-
o 49 roid tubules was an order of magnitude greater than normal (5 x
0133 o 2 U/mI or 2 x 10 moles/liter).
0.47 PTH (10 U/mI) had no effect on bath-to-lumen flux in any of
0.85 the experimental groups (zJ0-bl: Normal +0.18 0.08; uremic
euparathyroid +0.08 0.16; uremic hyperparathyroid +0.28
0:38 0.12 pmoles/mm/min).
0.45 Effect of dihutyryl cAMP on phosphate fluxes. J0-lb was
measured in each group of tubules in response to varying
concentrations of dibutyryl cAMP. The results are shown in
0.78 Figure 4. The dose-response curves were identical in the three
0.72 groups.
1.75 Adenylate cyclase activit in high/v purified rabbit renal
0.17 cortical plasma membranes. Figure 5 illustrates the basal and
0.87
maximal PTH-stimulated adenylate cyclase activity of highly
o.s purified renal cortical membrane. No difference in the basal or
maximally-stimulated activity was observed between the ex-
perimental groups. However, as we have noted previously [12.
1 20
19], there was marked variability within each group with the
100 standard error approaching 30% of the mean value. When the
2110 relationship between percentage of maximal stimulation and
0.92 bPTH (1-34) concentration was examined, no statistically sig-
0.90 nificant differences between the groups could be demonstrated
at any concentration of PTH. In the normal animals basal
activity was 179 45 (pmoles) cAMP/mg protein/30 mm.
Maximal activity was 1378 477 representing an approximate
eightfold stimulation.
PT/I binding to highly purified rabbit renal cortical plasma
membranes. Binding studies were performed on the same
membrane preparation as was used for the adenylate cyclase
assay. The effects of temperature, pH, and membrane concen-
tration on specific binding are shown for three separate mem-
brane preparations in Figure 6. Two separate binding experi-
ments were performed on membranes derived from two animals
in each experimental group (Table 3) using the maximum
amount of protein per assay which would have allowed a
complete displacement curve to he generated from one remnant
kidney. In experiment no. I specific binding was less than I .5%
of the added radioactive ligand in the normal group and was
even lower in the two uremic groups. The experiment was
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Table 1. GFR and urinary phosphate excretion rates in normal and uremic rabbits
Serum P Serum CA
mM mg/dl mi/mi,,
Normal
(N = 15)
1.8 13.9 10.58
±0.3 1.43
Uremic euparathyroid
(N = 6)
1.9 14.3 2.OSa
0.23
Uremic hyperparathyroid
(N — 12)
2.7a t2.7a 2.53a
1.7
Upv
mg/day
8.57
9.22
19.4a
3.47
FE2
1.76
6.38
l8.37a
Jp
b—* I
pmole3 /m,n/min
P < 0.05 vs. normal.
Table 2. Phosphate (J,) and volume (J) fluxes in superficial proximal
straight tubules of normal and uremic rabbits
Net
Normal rabbits
4.10 0.58 3.52
3.17 1.16 2.01
3.60 0.91 2.69
4.49 1.65 2.84
3.93 0.28 3.65
5.10 0.45 4.65
6.34 0.60 5.74
Mean 4.39 0.80 3.68
+ SF,M ÷0.18 0.48
Uremic euparathyroid rabbits
3.90 0.19 3.72
5.73 2.96 2.77
2.39 0.89 1.50
6.78 (1.76 6.02
5.65
5.07 —
Mean 4.92 1.2 3.50
SEM ÷0.63 ÷0.60 ÷0.95
Uremic hyperparathyroid rabbits
5.00 1.39 4.61
4.72 0.61 4.11
5.14 3.50 1.64
5.81 2.14 3.67
6.53 2.13 4.40
Mean 5.44 1.95" 3.68
SEM
Abbreviations: 1 —* b, lumen-to-bath; b — 1, bath-to-lumen.
a P < 0.05 vs. normal.
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repeated on a recentrifuged preparation (experiment no. 2).
Specific binding was approximately 2 to 3% in all groups. This
low binding capacity in the absence of unlabeled hormone did
not allow accurate Scatchard analysis to be performed on the
membranes of a single kidney so that the affinity and number of
receptor sites could not be assessed.
Discussion
Since Goldman, Bassett, and Duncan [22] described the fact
that tubular reabsorption of phosphate decreases as renal
failure progresses, numerous studies have been performed in an
attempt to define the mechanisms underlying this phenomenon.
Parathyroid hormone is one factor which plays an important
role in this regard [4, 23—25]. In addition there appear to be
important PTH-independent factors which also contribute to
the altered tubular reabsorption of phosphate by the diseased
kidney [5—9, 26].
Apart from these intrinsic adaptations there also appears to
be an altered sensitivity of the kidney to the PTH in uremia.
Evidence for decreased sensitivity [26] and normal or increased
sensitivity [27—291 to PTH has been presented. These studies all
suggest that thç prior PTH status of the animal is a critical
determinant of the response to an acute elevation of circulating
PTH whether this is of endogenous or exogenous origin.
The purpose of these studies was to examine the proximal
tubules of animals with experimental renal disease in vitro. By
this means, it is possible to examine the intrinsic properties of
the tubule and to determine whether the pattern of phosphate
transport in the uremic proximal tubule reflects a true adapta-
tion (that is, it is determined by the in vivo requirements for
phosphate excretion), or whether intrinsic alterations in trans-
port function are fixed properties of the nephron, governed by
the nature and extent of the disease state.
Studies were performed on the proximal straight tubule of the
rabbit since this segment of the nephron has been shown to
reabsorb phosphorus and to be responsive to PTH in this
species [16]. The remnant kidney model used has been studied
previously by our laboratory [11—131 and offers the advantage
that tubules from normal and uremic rabbits are homogeneous
and can be exposed readily to a controlled environment in vitro.
In addition, the intrinsic sensitivity to exogenous substances
can be determined in a dose-response fashion.
We were surprised to find that the uremic rabbits on an ad lib
phosphorus intake excrete less phosphorus than normal rabbits,
presumably due to a decrease in dietary phosphorus intake and
gastrointestinal absorption of phosphorus. Consequently, we
added small amounts of phosphorus to the diet of a group of
uremic rabbits to achieve excretory rates comparable to the
normal rabbits. These rabbits remained euparathyroid as de-
fined by the bioassay procedure used. In contrast, when larger
amounts of phosphorus were added to the diet, secondary
hyperparathyroidism developed. Bioassay evidence for the
existence of a normal or a hyperparathyroid state was based on
the ability of serum to inhibit lumen-to-bath phosphate flux in
normal PSTs.
It is of interest that the fractional excretion of phosphorus
observed in the normal rabbits (1.76%) is lower than that
observed by other investigators who report values varying from
8 to 20% [17, 30]. Lower values (approximately 5%) were
previously reported from this laboratory [181. In all of these
studies, the animals were ingesting "normal rabbit chow." It is
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Fig. 2. A comparison of net phosphate flux (Jr), left panel with net volume flux (J3 (right panel), in normal and uremic proximal straight tubules.
Whereas J increased significantly in both uremic groups, J, per unit length was unchanged in the uremic tubules. The asterisk denotes P < 0.05 vs.
normal (mean SEM).
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Bath [PTH]
Fig. 3. Dose-response relationship between bath (1-34) bFTH concen-
tration and percent inhibition of/amen-to-bath phosphate flux (J0-lb) in
isolated perfused proximal straight tubules from normal and uremic
rabbits. The approximate half-maximal inhibitory concentration of PTH
is shown by the broken arrow. The euparathyroid uremic tubules show
a left-shift whereas the hyperparathyroid tubules show a right-shift of
the dose-response curve (mean SCM).
thus evident that considerable variability exists in the rate of
renal phosphorus excretion and, if dietary phosphorus is indeed
constant, this must be due to differences in the amount ingested
and rate of gastrointestinal absorption.
Studies of the PTH-sensitivity of the uremic tubules revealed
interesting contrasts. A dose-response relationship between
bath-PTH concentration and lumen-to-bath phosphate flux in
proximal straight tubules from normal rabbits revealed a half-
maximal inhibitory concentration 5 >< l0° M. In the uremic
euparathyroid animals, half-maximal inhibition required a con-
centration of PTH one order of magnitude lower than normal.
This left-shift of the dose-response curve is referred to as an
increase in "sensitivity." The maximal effect which describes
the "responsiveness" to the hormone [311 was the same in all
experimental groups. In contrast, in hyperparathyroid uremic
animals PTH sensitivity was reduced significantly.
These results contrast with in vivo studies reported by
Purkerson et a! in the rat in which an enhanced phosphaturic
response to PTH was observed in uremic rats both on a normal
and a reduced phosphate intake [29]. Apart from a possibly
important species difference, it is important to note that their
observations were made in parathyroidectomized rats. Thus, it
is difficult to compare their results with those obtained in the
present study.
In this study the in vivo PTH status of the uremic rabbits did
io--- io— 10—6 10--s moles/liter
Bath [dibutyryl cAMP]
Fig. 4. Dose-response relationship between bath dibutyrs'l cAMP con-
centration and percent inhibition of lumen-to-bath phosphate flux (.1,,-
Ib) in isolated perfused proximal straight tubules of normal and uremic
rabbits on ad//b or high phosphorus intakes. The dose-response curves
are identical (mean SEM).
not appear to determint the baseline pattern of phosphate
reabsorption in the proximal tubule in vitro in the absence of
PTH. At comparable levels of total kidney GFR and at compa-
rable rates of net voiume reabsorption, both groups of uremic
PSTs reabsorbed phosphate at the same rate as the normal
PSTs (per millimeter) whether or not the animals were eupar-
athyroid or hyperparathyroid. Although J, per unit length is
unchanged, it is probable that J, per unit luminal surface area is
actually decreased since there is marked hypertrophy of the
remnant kidney proximal tubule [II, 32]. In the absence of
accurate measurements of brushborder surface area it is not
possible to quantitate this with any reliability.
The fact that net volume and net phosphate flux in the
proximal tubule can be dissociated in this model of renal failure
indicates that these adaptations of proximal tubular function,
termed "memory" [321 are specific and are not fixed properties
of the hypertrophied proximal tubule.
Since, when compared to normal rabbits, the filtered load of
phosphorus per single nephron can he expected to he high in
uremic euparathyroid rabbits due to an increased single neph-
ron glomerular filtration rate (SNGFR), and probably even
higher in uremic hyperparathyroid rabbits due to both increased
SNGFR and hyperphosphatemia, the similar J, observed in
vitro in proximal tubules from these two groups of uremic
animals suggests that filtered load may provide important
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Basal Maximal
Fig. 5. Basal and maximal PTH-stimulated adenylate cyclase activity
in highly purified renal cortical membranes of normal and uremic
rabbits. Maximal activity was obtained with iO— M (1-34) bPTH in the
incubation mixture. Basal activity was subtracted from total stimulated
activity to obtain PTH-stimulated activity (mean SEM). Symbols are:
L, normal; [J, uremia-euparathyroid; , uremia-hyperparathyroid.
% of binding of
Experimental group
1251-bPTH(1-34)
Nonspecific Specific
Experiment no. I
Normal #1 0.6 (3) 1.4 (7)
#2 0.4 (2) 1.5 (7.5)
Uremic-euparathyroid #1 0 (0) 0.7 (3.5)
#2 0.2(1) 0.6 (3)
Uremic hyperparathyroid #1 0.2 (1) 0.5 (2.5)
#2 0.2 (1) 0.7 (3.5)
Experiment no. 2
Normal #1 0.3 (1.8) 2.5 (15)
#2 0.3 (1.8) 1.9 (11.4)
Uremic-euparathyroid #1 0.7 (4.2) 2.8 (16.8)
#2 0.4 (2.4) 3.1 (18.6)
Uremic hyperparathyroid #1 0.6 (3.6) 3.2 (19.2)
#2 0.2 (1.2) 2.0 (12)
a Numbers in parentheses indicate the PTH binding when expressed
as femtomoles of PTH bound per hour per milligrams of protein.
determinant of fractional excretion of phosphorus in this dis-
ease model.
An explanation for the adaptations in PTH-sensitivity of the
uremic nephron was sought. Evidence of a left- or right-shift of
the dose-response curve strongly suggests an increase or de-
crease, respectively, in the number of PTH receptors per unit of
membrane protein and/or the affinity of the receptors [31]. On
///
0.5 1.0 1.5 2.0
Membrane concentration, mg/mi
Fig. 6. Specific binding of receptor-purified '251-bPTH (1-34) to highly
purified renal cortical membranes of normal rabbits showing the effects
of temperature, pH and membrane concentration. Results are ex-
pressed as the percent of the total radioactive ligand which is specifical-
ly bound.
the other hand, changes in the maximal biological response to a
hormone suggests a postreceptor effect 3 1]. In these studies the
maximal inhibitory effect of PTH was the same in all experi-
mental groups, however, the sensitivity to the PTH differed.
The fact that this was due to a change in a step prior to the
formation of cAMP was supported by the observation that the
response to an exogenous cAMP analogue, dibutyryl cAMP,
was the same in all three groups.
In an attempt to characterize both the binding of PTH to its
receptor and the activation of adenylate cyclase by PTH in the
remnant kidneys, PTH-stimulated adenylate cyclase and recep-
tor binding of ''I-(l-34) PTH were studied. In these studies it
became apparent that great difficulty exists in the preparation of
isolated renal plasma membranes with homogeneous properties
in the rabbit. Our previous studies in this species revealed a
significant degree of variability in PTH-sensitive adenylate
cyclase from animal to animal [18]. Nissenson and Arnaud tried
to circumvent this difficulty and used an alternative method of
purifying plasma membranes which gives reproducible PTH
stimulation of adenylate cyclase and at least 20% hormone
binding in the chicken [19]. However, as was observed previ-
ously, wide differences in both basal and hormone stimulated
adenylate cyclase activity were observed within each experi-
mental group making comparisons between the groups impossi-
ble in the present study.
The low specific binding of PTH to these plasma membranes
may explain the difficulty of achieving consistency of adenylate
cyclase stimulation in the rabbit. In the rabbit specific binding
of 131I(l34) bPTH was less than 3% compared to 20% in the
The low specific binding of PTH to these plasma membranes
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Table 3. Binding of receptor-purified 1251-bPTH (1-34) to highly
purified renal cortical plasma membranes of normal and uremic
rabbits
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may explain the difficulty of achieving consistency of adenylate
cyclase stimulation in the rabbit. In the rabbit specific binding
of ''I-(l-34) bPTH was less than 3% compared to 20% in the
chicken at an equivalent amount of membrane protein [19]. This
is presumably due to an increase in protease activity in most
rodent species (Nissenson, unpublished observations). Because
of the limited amount of membrane which could be prepared
from a remnant kidney, studies of displacement of unlabelled
hormone were not feasible and we have not been able to
measure the affinity or number of PTH receptors in this species.
The results of this study reveal important adaptations in both
the intrinsic phosphate reabsorptive capacity and the sensitivity
of the rabbit proximal tubule to PTH in vitro. The data strongly
suggest that the number of PTH receptors increases in the
uremic euparathyroid animal and that the receptor number
decreases, or "down-regulates," when secondary hyperpara-
thyroidism supervenes. Although such alterations in PTH bind-
ing and adenylate cyclase activation of renal plasma membranes
in the rabbit have provided an obstacle in making direct
measurements of these steps in the renal action of PTH,
investigations in other species will be required to further
elucidate the specific nature of the adaptations by means of
which phosphate homeostasis is maintained in uremia.
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